2012. Proteomic analysis of differentially expressed proteins in the roots of Columbia-0 and Landsberg erecta ecotypes of Arabidopsis thaliana in response to aluminum-toxicity. Can. J. Plant Sci. 92: 1267Á1282. Aluminum (Al) is phytotoxic when solubilized into Al 3' in acidic soils and represents a major constraint for crop production. The present study describes Al-stress responses in roots of Al-tolerant and Al-sensitive Arabidopsis ecotypes, Columbia-0 (Col-0) and Landsberg erecta (Ler), respectively. Comparative proteomic analysis was applied to plants grown in hydroponic solution culture under acidic pH (4.2) conditions. To investigate time-dependent responses, 6-d-old seedlings were treated with 30 mM AlCl 3 for 24, 48, or 72 h; total proteins were prepared from roots and separated by two-dimensional gel electrophoresis (2-DE). From 2-DE analysis, were 600 proteins were inspected, 29 proteins were differentially responsive to Al-treatment. The 2-DE patterns were compared and differentially expressed proteins identified by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). Analysis of protein expression patterns revealed that a set of proteins is functionally associated with tricarboxylic acid (TCA) cycle and glycolysis, reactive oxygen quenching and detoxification mechanism, and signal transduction pathways, etc., could play important roles in mediating plant response to Al in Arabidopsis ecotypes. Comparison of the changes in the protein profiles revealed that Al-stress increased Al-tolerance related proteins in Al-tolerant Col-0, but only generic stress responses occurred in Al-sensitive Ler. Specifically, Al up-regulated proteins such as alcohol dehydrogenase, monodehydroascorbate reductase, GTP-binding nuclear protein Ran-2, and leucine aminopeptidase in Col-0 but not in Ler. A. et Lee, G. P. 2012. Analyse prote´omique des prote´ines s'exprimant diffe´remment dans les racines des e´cotypes Columbia-0 et Landsberg erecta d'Arabidopsis thaliana conse´cutivement a`la toxicite´de l'aluminium. Can. J. Plant Sci. 92: 1267Á1282. L'aluminium (Al) devient toxique pour les plantes quand il est solubilise´en Al 3' dans les sols acides, ce qui constitue une importante contrainte en agriculture. La pre´sente e´tude de´crit la re´action des e´cotypes d'Arabidopsis tole´rants et sensibles a`l'aluminium Columbia-0 (Col-0) et Landsberg erecta (Ler) au stress engendre´par l'aluminium. À cette fin, les auteurs ont recouru a`une analyse prote´omique comparative de plants cultive´s dans une solution hydroponique acide (pH de 4.2). Pour ve´rifier la re´action des ve´ge´taux dans le temps, ils ont traite´des plantules de six jours avec de l'AlCl 3 a`30 mM pendant 24, 48 ou 72 heures; les prote´ines ont e´te´extraites des racines, puis se´pare´es par e´lectrophore`se sur ge´lose bidimensionnelle (2-DE). Conse´cutivement a`la 2-DE, 600 prote´ines ont e´te´examine´es. Vingt-neuf re´agissaient diffe´remment au traitement a`l'aluminium. Les re´sultats de l'analyse 2-DE ont e´te´compare´s et les prote´ines s'exprimant diffe´remment ont e´te´identifie´es par spectrome´trie de masse at emps de vol et de´sorption-ionisation par impact laser assiste´e par matrice (MALDI-TOF-MS). L'analyse des sche´mas d'expression des prote´ines re´ve`le qu'un groupe est associe´de fac¸on fonctionnelle au cycle de l'acide tricarboxylique (TCA) et a`la glycolyse, au me´canisme de de´toxification et de de´sactivation par re´action de l'oxyge`ne, aux voies de transduction ; Estd'Z, a Z score, which is estimated when the search result is compared with an estimated random match population used in the PROFOUND program; GDH2, glutamate dehydrogenase 2; IPG, immobilized pH gradient; Ler, Landsberg erecta; MALDI-TOF-MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; MDHAR, monodehydroascorbate reductase; M r , molecular mass; NCBI-nr, National Center for Biotechnology Information non-redundant protein database; OA, organic acid; pI, isoelectric point; ROS, reactive oxygen species; TCA, tricarboxylic acid
des signaux, etc. et pourrait jouer un roˆle important dans la me´diation d'une re´action a`l'aluminium chez les e´cotypes du genre Arabidopsis. La comparaison des modifications subies par le profil prote´ique dans le temps indique que le stress cause´par l'aluminium accroıˆt la tole´rance des prote´ines apparente´es a`cet e´le´ment chez l'e´cotype tole´rant Col-0, alors que le cultivar sensible Ler ne pre´sente qu'un stress ge´ne´rique. Plus pre´cise´ment, l'aluminium re´gule certaines prote´ines comme l'alcool de´shydroge´nase, la monode´shydroascorbate re´ductase, la prote´ine nucle´aire de liaison de la GTP Ran-2 et la leucine aminopeptidase en amont chez Col-0, mais pas chez Ler.
Mots clé s: Culture hydroponique en milieu acide, toxicite´de l'aluminium, Columbia-0, Landsberg erecta, MALDI-TOF- MS, prote´omique Aluminum (Al) is the third most abundant metal in the Earth's crust. As soil pH falls below 5.0, Al solubilizes from non-toxic aluminosilicate clay minerals into phytotoxic Al-ions, where the trivalent cation Al 3' is the most predominant form that is highly toxic to plants (Kochian 1995; Ma et al. 2001; Kochian et al. 2004 Kochian et al. , 2005 . Greater than 30% of the world's agriculturally available land is considered to be acidic (Kochian 1995) . Inhibition of root growth and function is one of the earliest and most distinct symptoms exhibited by plants, resulting in substantial reduction in shoot growth and eventual loss of crop yield in many plant species (Ma et al. 2001; Kochian et al. 2005) . The resulting damaged and reduced root system limits the capacity of plants to acquire water and nutrients from the soil and increases their susceptibility to other stresses (Kochian 1995) . Growing model plants in hydroponic culture with micromolar concentrations of Al 3' makes an efficient, convenient, and reliable experimental system to study the molecular, physiological, and cellular effects of Al tolerance and toxicity (Hoekenga et al. 2003; Famoso et al. 2010) . Previously, many reports have shown that Al exposure causes variety of cellular effects on plants, including disruption of cytoplasmic Ca 2' homeostasis and signaling process (Kochian 1995) , alteration to the plasma membrane, disruption of cytoskeletal dynamics (Sivaguru et al. 2003a) , and mitochondrial dysfunction leading to root growth inhibition (Yamamoto et al. 2002) . One of the most widely accepted mechanisms of Al tolerance in plants is based on Al-activated membrane transporters that mediates organic acid (OA) release from root apex (Hoekenga et al. 2003 (Hoekenga et al. , 2006 Kochian et al. 2004; Liu et al. 2009 ). Organic acids are able to form strong and non-toxic complexes with Al that can contribute to Al detoxification in the rhizophere or apoplast, or by internal detoxification of this metal (Ma et al. 2001 ). This mechanism is well characterized and documented in wheat (Triticum aestivum, Ryan et al. 1995) , maize (Zea mays, Pin˜eros et al. 2005) , and Arabidopsis (Arabidopsis thaliana; Hoekenga et al. 2006; Liu et al. 2009 ). Al-activated root malate, citrate, and joint release of both OAs have been reported as Al-tolerance mechanism for wheat, maize, and Arabidopsis, respectively (Pellet et al. 1995; Ryan et al. 1995; Hoekenga et al. 2003 Hoekenga et al. , 2006 Sasaki et al. 2004; Liu et al. 2009 ). However, in maize, it is clear that Al-tolerance has a more complex genetic and physiological basis, where OA release plays a significant but not exclusive role in determining overall Al-tolerance .
Efforts to understand Al-tolerance at the molecular level have largely focused on the genes induced by Altreatment. Several studies have collected genome-wide data sets, either by EST cloning or microarray analysis in maize (Pellet et al. 1995) , rice (Oryza sativa; Yang et al. 2007) , soybean (Glycine max; Zhen et al. 2007 ), Arabidopsis (Kumari et al. 2008; Liu et al. 2009; Sawaki et al. 2009 ), and common bean (Phaseolus vulgaris; Eticha et al. 2010) . Other studies have focused on genes identified by mutant analysis, map-based cloning, or based on similarity to known Al-tolerance genes found in other plants, including wheat (Sasaki et al. 2004 ), Arabidopsis (Hoekenga et al. 2006; Iuchi et al. 2007; Liu et al. 2009 ), and sorghum (Sorghum bicolor; Magalhaes et al. 2007) .
Multidisciplinary approaches are powerful and efficient methods to describe complex biological problems. Previously, we used a combination of genetic, physiological, and genomic methods to identify the primary Al-resistance mechanism in Arabidopsis (Al-activated malate release) and locate the key genetic factors using quantitative trait locus mapping (Hoekenga et al. 2003) . Since this initial report, a number of genes have been identified that are crucial for Al-activated malate release, including both the transporter protein (AtALMT1) that releases malate into the rhizosphere and a transcription factor (STOP1) required for expression of AtALMT1 and other Al-stress inducible genes (Hoekenga et al. 2006; Iuchi et al. 2007 ). Other studies have employed transcriptomic (Kumari et al. 2008; Sawaki et al. 2009; Eticha et al. 2010 ) and proteomic (Zhou et al. 2009 ) profiling methods to take a more comprehensive view of Al-stress responses in Arabidopsis, common bean, and tomato (Solanum lycopersicum). Although transcriptomic profiling has contributed a great deal to our understanding of Al-stress responses in Arabidopsis, not all the data are concordant with the present understanding of Al-stress physiology, which is likely related to lack of agreement between steady state mRNA expression and protein abundance (Hajduch et al. 2010) . Since protein abundance is regulated not only at the transcriptional, but also at translational and posttranslational levels, proteomic profiling can result in more detailed insights into the physiology of tissues or organs of interest than only to estimate the proteome based upon the transcriptome. Proteomics is a powerful tool and has been employed to analyze protein changes in plants response to various stresses, includes, drought, ozone, pathogen, salt, and a number of stress proteins have also been identified (Agarwal et al. 2002; Salekdeh et al. 2002; Kim et al. 2004; Yan et al. 2005) . A description of the mechanisms involved in Al-tolerance or resistance in plants at the level of the proteome is still quite incomplete. Thus, proteomic analysis of Arabidopsis roots during Al-stress should build upon our existing knowledge base from physiological and transcriptomic analyses and produce a more accurate and comprehensive understanding of Al-stress responses in this important model system.
To broaden our understanding, a proteomic approach was used in the present study to investigate the identification of differentially expressed Al-stress-responsive proteins in the roots of Al-tolerant and Al-sensitive Arabidopsis ecotypes, Col-0 and Ler, respectively, after 24, 48, or 72 h of treatment in acidic pH (4.2) conditions. The changes of major proteins profile were separated by two-dimensional gel electrophoresis (2-DE) and these differentially expressed proteins were subsequently analyzed and characterized by matrixassisted laser description/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) in combination with referring protein databases.
MATERIAL AND METHODS
Plant Material, Growth Conditions, Al Exposure, and Root Sampling Arabidopsis thaliana (L.) Heynh. ecotypes Col-0 and Ler were obtained from the Arabidopsis Biological Resource Center (Columbus, OH). Plant growth conditions were as described by Hoekenga et al. (2006) . Briefly, seeds were weighed to estimate numbers (ca. 500 seeds per 10 mg), surface sterilized (30% (vol/vol) bleach and 1% (vol/vol) Triton X-100 for 15 min), and resuspended in 0.1% (wt/vol) agar in 1.5 mL micro-centrifuge tubes for 5 d at 48C to synchronize germination. Magenta (GA-7) culture vessels (Sigma-Aldrich, St. Louis, MO) were adopted for sterile hydroponic growth using 250-mm polypropylene mesh as substrate for the plants growth and a support stand constructed from two notched rectangles of polycarbonate (Laird Plastics, Syracuse, NY) and autoclaved empty and dry. For liquid culture, the initial nutrient solution was composed of 0.25 mM (NH 4 ) 2 SO 4 , 1 mM Ca(NO 3 ) 2 , 3 mM MgCl 2 , 2 mM KCl, 2.75 mM CaCl 2 , 1 mM MnSO 4 , 5 mM H 3 BO 3 , 0.05 mM CuSO 4 , 0.2 mM ZnSO 4 , 0.02 mM NaMoO 4 , 0.001 mM CoCl 2 , and 1% (wt/vol) sucrose. Culture vessels were assembled, filled with 150 mL of media, and sterilized by autoclaving. Ten sterile vessels were used for each Arabidopsis ecotypes (Col-0 and Ler) for both Al-treatment and control. Surface-sterilized and strati-fied seeds were sown onto polypropylene mesh under sterile conditions; filter-sterilized 0.2 mM KH 2 PO 4 was added only at the time of seed sowing to avoid precipitation during autoclaving. The pH of nutrient solution was adjusted to 4.2 using 0.1 N HCl and renewed every day with the same solution. Plants were grown in continuous light, approximately photosynthetic photon flux density of 150 mmol s (1 m (2 and 65% relative humidity with a temperature of 208C for 6 d in a growth chamber (Hoekenga et al. 2003) .
Six days after sowing, a second, low-strength hydroponic nutrient solution was prepared for ligand exudation, which contained 275 mM MgCl 2 , 275 mM CaCl 2 , 275 mM KCl, 33.4 mM Ca(NO 3 ) 2 , 33.4 mM MgSO 4 , 16.7 mM K 2 SO 4 , 8.35 mM (NH 4 ) 2 SO 4 , 3.0 mM Homopipes buffer, 1% (wt/vol) sucrose, and micronutrients was identical to the prestress medium (Hoekenga et al. 2006 ). Thirty micromolar AlCl 3 was added to the Al-treatment media. Seedlings serving as controls were placed in nutrient solution without the Al. The pH of nutrient solution was adjusted to 4.2 with Homopipes buffer and maintained at the level for the entire duration of the experiment. Homopipes is an effective buffering pH at acidic values, unlike other common buffers such as 2-(4-morpholino) ethanesulfonic acid (MES) and 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Hoekenga et al. 2003) . After transferring to Altreatment media, roots were dissected from culture vessels in accordance with ecotypes and time course (24, 48, or 72 h; long enough to allow for physiologically relevant changes and in the proteome of roots) (Fig. 1 ). The whole experiment was repeated three times. After root sample collections, each replicate (treated/ control) of the three experiments was randomly combined to make one biological replicate, and three biological replicate samples were used for protein extraction.
Preparation of Protein Samples and Protein Quantification
Root proteins were extracted as described by Zhou et al. (2009) with some modifications. Briefly, 1 g of root samples was ground in liquid nitrogen and then subjected to sonication after being mixed with the icecold lysis buffer containing 7 M urea, 2 M thiourea, 0.4% (wt/vol) dithiothreitol (DTT), 4% (wt/vol) 3-[(3cholamidopropyl)dimethylammonio]-1-propanesulfonate, and 1)protease inhibitor cocktail. The acetone precipitated samples were solubilized, then lyophilized and stored at (808C. Proteins content was estimated using Bradford protein assay kit (Bio-Rad, Hercules, CA).
2-DE
For 2-DE analysis, 500 mg of proteins were applied to the immobilized pH gradient (IPG) strips, pH 4.0Á7.0 (18 cm, GE Healthcare, Little Chalfont, UK) during the rehydration for 12 h, using an Ettan IPGphor II (GE Healthcare, Little Chalfont, UK) for a total of 90 kVh as previously described by Lee et al. (2007) . Before the second dimension, the IPG strips were equilibrated in equilibration buffer [50 mM Tris-HCl (pH 8.8), 2% (wt/ vol) sodium dodecyl sulphate (SDS), 30% (vol/vol) glycerol, 0.002% (wt/vol) bromophenol blue, and 1% (wt/vol) DTT] for 15 min and alkylated same buffer containing 2.5% (wt/vol) iodoacetamide instead of DTT. SDS-polyacrylamide gel electrophoresis (PAGE) in the second dimension was carried out, as described by Laemmli (1970) , using 8 to 16% linear gradient polyacrylamide gel. The 2-DE gel were Coomassie brilliant blue (CBB) stained using the method of Ahsan et al. (2007) . Gel images were scanned using a GS-800 imaging calibrated densitometer (Bio-Rad, Hercules, CA). At least three replicates were performed for each sample.
Image Acquisition and Data Analysis
Protein spot detection and 2-D pattern matching were carried out using Melanie III software (GeneBio, Geneva, Switzerland). For each sample, quantitation was performed with three analytical gels originating from three independent biological replicas. The digitized spots (%/vol) were analyzed for the detection of protein whose expression was increased and the decreased over time. Only spots that showed reproducible changes were considered as differentially expressed proteins. To account for variability by loading and staining, spot volumes were normalized as a percentage of the total volume in all the spots present in the gel.
Enzymatic Digestion of Protein In-gel and Peptide Mass Fingerprinting by MALDI-TOF-MS
Protein spots were excised from the gels, washed in 25 mM NH 4 HCO 3 (pH 7.8) containing 50% (vol/vol) acetonitrile (ACN), and vacuum dried. Gel pieces were digested overnight with 10 mL trypsin solution [10 ng mL (1 modified porcine sequencing-grade trypsin (Promega, Madison, WI) in 25 mM ammonium bicarbonate, pH 7.8] at 378C. The resulting peptides, after removing trypsin solution, were extracted with 5 mL of 0.5% (vol/vol) trifluoroacetic acid containing 50% (vol/vol) ACN by sonication at room temperature for 40 min. The tryptic digested peptide samples (1 mL) were mixed with equal volume of a-cyano-4-hydroxycinnamic acid [5 mg mL (1 in 50% (vol/vol) ACN/0.1% (vol/vol) trifluoroacetic acid] and loaded onto a target plate. MALDI-TOF mass spectra were obtained on a Voyager-DE STR (PerSeptive Biosystems, MA) mass spectrometer.
Data Base Search
Peptide fingerprints obtained by MALDI-TOF MS were analyzed using three software packages PROFOUND (http://prowl.rockefeller.edu/prowl-cgi/profound.exe), MS-Fit (http://prospector.ucsf.edu/prospector/cgi-bin/ msform.cgi?form0msfitstandard), and Mascot (http://www. matrix-science.com/search_form_select.html) searching the National Center for Biotechnology Information non-redundant protein data base (NCBI-nr). Search criteria required that the match of mass error of at least four peptides was less than 100 PPM to make a tentative protein assignment. Theoretical peptide mass and pI were calculated using the EXPASY compute pI/MW tool (http://web.expasy.org/compute_pi) to confirm that the molecular mass (M r ) and the isoelectric point (pI) matched that of the respective protein excised from the gel. 
RESULTS

Plant Culture and Al-stress Responses in Arabidopsis Ecotypes under Acidic pH Condition
We conducted experiments in the roots of 9-d-old Altolerant and Al-sensitive Arabidopsis ecotypes, which were treated with 30 mM AlCl 3 after 24, 48, or 72 h in acidic pH (4.2) conditions (Fig. 1) . The present study was focused on roots, as the rhizosphere/root interface is the site of Al-exposure, and the inhibition of root elongation and function are the primary and most dramatic effects of Al-toxicity (Kochian 1995; Kochian et al. 2004) . Previous experiments using Arabidopsis used either low Al 3' activities (1Á2 mM) to induce chronic stress starting from germination or higher Al 3' activities (25 mM) to induce acute stress in young seedlings (Hoekenga et al. 2003 (Hoekenga et al. , 2006 . To select an appropriate concentration of Al for stress treatments for proteomic profiling, we conducted dose response experiments with a range of Al levels (10Á50 mM concentrations). Low levels of Al (10 mM) of Al resulted in no significant changes to 6-d-old plants, while 50 mM caused severe damage to the plants (data not shown). However, at 30 mM AlCl 3 we noticed inhibition of primary root elongation and an overall induced reduction of plant growth ( Fig. 2A, B ). We found that 6-d-old plants treated with 30 mM Al were able to grow to maturity and produce seeds (data not shown). We therefore selected 30 mM Al for all subsequent treatments and analysis, because it induced physiological stress responses within a defined time window but was not lethal (Fig. 2) . The difference in Al-stress tolerance between ecotypes Col-0 and Ler is well established (Hoekenga et al. 2003 (Hoekenga et al. , 2006 . The expected difference in Al-stress tolerance was also observed using the experimental procedure described here; thus, this represents an excellent model system to describe the Al-stress responsive changes to the Arabidopsis root proteome.
Protein 2-DE Maps of Arabidopsis Ecotypes Roots in Response to Short-term as well as Long-term Exposure of Al-stress In order to maximize the number of identifiable changes in the root proteome of Arabidopsis ecotypes, 2-DE was performed using a strip with 4.0 to 7.0 pH gradient ( Fig. 3 ). This pH range was chosen since it was previously shown by 2-DE using broader gradients (pH 3.0 to 10.0), that most of the root proteins have a narrower range of pI value and fall between 4.0 and 7.0 (Mooney et al. 2006 ). These gels showed very high similarity in terms of number and localization of spots in specific pH range. This suggested that the root proteome and 2-DE separation were high reproducible and that differences in abundance could be confidently detected at each time-point analyzed.
In conjunction with automated gel scanning and computer-aided image analysis, approximately, 600 protein spots were detected on each gel of Al-treated Col-0 and Ler roots. Since protein abundance can have large variation, we selected the 29 protein spots (molecular masses of 5Á110 kDa) were consistently up or down-regulated in Col-0 and Ler roots after 24, 48, or 72 h of Al-treatment and numbered these features on the 2-DE map (Fig. 3AÁL ). In this study, proteins were arranged as the highest ranking for each spot by PMF, as this likely reflects the predominance of protein corresponding to that spot. These 29 differentially expressed protein spots were not visible in the untreated (control) roots ( Fig. 3 ), suggesting that these proteins were strongly induced or underwent dramatic post-translational modification in response to Al-stress. In Col-0, most of the Al-responsive proteins were detected only at early hours (at 24 h; 15 proteins out of 29) and during the later stage (at 72 h; 12 proteins out of 29) of Al-treatment then the 48 h of treatment (2 proteins out of 29) (Fig. 3) . In Col-0, there were a larger number of up-regulated proteins than down-regulated proteins, and fewer proteins were detected at the 72 h time point than after 24 h of Al-stress (Figs. 4Á6).
Changes in Specific Proteins
We examined changes in specific proteins through detailed comparisons of our 2-DE. Representative gel images of Al-stress responsive differentially expressed proteins are shown in Figs. 4, 5, and 6, which allow the comparison of the abundance of these proteins between Al-treated Col-0 and Ler at the three different timepoints. The differentially expressed proteins in Col-0 at 24 h of Al-treatment were protein spots: CL1-1, CL1-2, CL1-3, CL1-4, and CL1-5 ( Figs. 3 and 6 ), and after 72 h of Al-treatment protein spots were CL3-1, CL3-2, CL3-3, CL3-4, CL3-5, CL3-6, CL3-7, CL3-8, and CL3-9 ( Figs. 3 and 6 ). Protein spots i.e., C1-1, C1-2, C1-3, C1-4, C1-5, C1-6, C1-7, C1-8, C1-9, C1-10, C2-1, C2-2, C3-1, C3-2, and C3-3 were expressed in both the Arabidopsis ecotypes, but in Ler, these proteins were expressed at lower levels and were slower in responding than in Col-0 (Figs. 3AÁL and 5).
Identification of Al-stress responsive proteins in Col-0 and Ler roots by MALDI-TOF-MS In this study, we focused our attention on 29 differentially expressed proteins, which were consistently observed across our biological replicate experiments and gels. These protein spots were excised from 2-DE for Al-treated Col-0 and Ler roots, digested with trypsin, and analyzed by MALDI-TOF-MS (Tables 1 and 2) . The identities of these proteins were determined by PMFs using PROFOUND, MS-fit and MASCOT search Fig. 4 . Enlarged views for 2-DE patterns to show the dynamic changes in protein abundance in the 30 mM Al-and untreated (control) Col-0 roots in the time-dependent manner. Proteins were separated by 2-DE and visualized with CBB staining. The labeled protein spots (spot nos. C1-1, C1-2, C1-3, C1-4, C1-5, C1-6, C1-7, C1-8, C1-9, C1-10, C2-1, C2-2, C3-1, C3-2, and C3-3) were expressed between Al-and untreated roots; these proteins were identified by MALDI-TOF-MS. Protein spot numbers are as in Table 1 and Fig. 3 . These spots were selected based on their responsiveness to Al-treatment in Col-0, either increasing or decreasing in abundance between harvest times. Black and white arrows indicated presence and absence, respectively. C represents the Col-0. The labeled protein spots (spot nos. C1-1, C1-2, C1-3, C1-4, C1-5, C1-6, C1-7, C1-8, C1-9, C1-10, and C2-1) were expressed between treatments and genotypes; these proteins were identified by MALDI-TOF-MS. Protein spot numbers are as in Table 1 and Fig. 3 . Previously, each spot was analyzed and selected after comparison with each of its Al-treated Col-0 and Ler and then selected by decrease, increase gradually and simultaneously between harvest times. Black and white arrows indicate discovered and no spots, respectively. C and L represent the Col-0 and Ler, respectively. engine according to previously characterized proteins in the NCBI-nr database.
Our database searches identified the these proteins as likely occurring within the corresponding spots for Al-treated Arabidopsis ecotypes roots: oxoglutarate dehydrogenase (lipoamide), (EC 1.2.4.2) E1 chain, spot C1-1; methionine synthase, spot C1-2; E3 component of all alpha-keto acid multienzyme complexes, spot C1-3; serine carboxypeptidase S10 family protein, spot C1-4; glutamate dehydrogenase 2 (GDH2), spot C1-5; glutathione S-transferase PM24, spot C1-6; luminal binding protein 2 (BiP-2) (BP2), spot C1-7; protein The labeled protein spots (spot nos. CL1-1, CL1-2, CL1-3, CL1-4, CL1-5, CL3-1, CL3-2, CL3-3, CL3-4, CL3-5, CL3-6, CL3-7, CL3-8, and CL3-9) were expressed between treatments and genotypes; these proteins were identified by MALDI-TOF-MS. Protein spot numbers are as in Table 2 and Fig. 3 . Previously, each spot was analyzed and selected after comparison with each of its Al-treated Col-0 and Ler and then selected by decrease, increase gradually and simultaneously between harvest times. Black and white arrows indicate discovered and no spots, respectively. C and L represent the Col-0 and Ler, respectively. KARUPPANAPANDIAN ET AL. * PROTEOMIC ANALYSIS OF AL-TREATED ARABIDOPSIS 1275 Table 1 . Summary of identification of root proteins (shown in Fig. 3) , which were isolated from Arabidopsis ecotype, Col-0 treated with 30 mM AlCl 3 by 2-DE and MALDI-TOF-MS analysis coupled with database searches and sorted by functional categories Numbering corresponds to the number in Fig. 2 . y Names and species of the proteins obtained via the MASCOT software from the NCBI-nr database.
x Accession number is to the closest match in the NCBI-nr database. w TpI and MpI are theoretical isoelectric point and measured isoelectric point, respectively. v TM r and MM r are theoretical molecular mass and measured molecular mass, respectively. u Estd'Z, a Z score, which is estimated when the search result is compared with an estimated random match population, used in the program PROFOUND. t Fold change was calculated as R0Col-0('Al)/Col-0(-Al). s Proteins are grouped for their metabolic function and for each protein name, spot number on the respective master gel. TCA&GLY-TCA cycle and glycolysis; SDM-stress and defense mechanism; ST&HRP-signal transduction and hormone response pathway; CWA-cell wall associated proteins. Numbering corresponds to the number in Fig. 3 .
y Names and species of the proteins obtained via the MASCOT software from the NCBI-nr database.
x Accession number is to the closest match in the NCBI-nr database. disulfide isomerase A1, spot C1-9; dnaK-type molecular chaperone hsc70.1, in both C1-8 and C1-10 (Table 1 ). In addition, two protein spots C2-1 and C2-2 were identified as glycosyl hydrolase family 1 protein and aconitase 2 (ACO2), respectively. Protein spots C3-1, C3-2, and C3-3 were identified as glyceraldehyde 3-phosphate dehydrogenase, alcohol dehydrogenase (ADH) class-P, and GTP-binding nuclear protein Ran-2, respectively, in Al-treated Col-0 and Ler. Protein spots CL1-1, CL1-2, and CL1-3 were identified as fructose-bisphosphate aldolase, putative, fructosebisphosphate aldolase, class I, and NAD(P)-linked oxidoreductase-like protein, respectively, and two protein spots CL1-4 and CL1-5 were similar to alcohol dehydrogenase in Col-0 roots after 24 h of Al-treatment (Table 2) . After 72 h of Al-treatment Col-0, proteins that were expressed spot nos. CL3-1, CL3-2, CL3-3, CL3-6, CL3-7, CL3-8, and CL3-9 were identified as aminocyclopropanecarboxylate oxidase (ACO), GDP-L-fucose synthase, GTP-binding nuclear protein Ran-2, cytokinin riboside 5'-monophosphate phosphoribohydrolase LOG8, leucine aminopeptidase 1, proline-rich extensin-like family protein, and fructose-bisphosphate aldolase, putative, respectively, and two protein spots CL3-4 and CL3-5 were identified similar to monodehydroascorbate reductase (NADH) ( Table 2) .
Functional Classification of Differentially Expressed Proteins in Responsive to Al-toxicity in the Roots of Arabidopsis Ecotypes
We categorized the identified proteins according to their known or inferred function, as defined by resources including The Arabidopsis Information Resource, as well as previously available reports of the physiological and molecular effects of Al-stressed plants. All of the Alstress responsive proteins with known functions could be assigned to one of the following five functional categories: as 10 proteins (35%) in tricarboxylic acid (TCA) cycle and glycolysis, 5 proteins (17%) in stress and defense mechanisms, 5 proteins (17%) in signal transduction and hormone response pathway, 4 proteins (14%) in chaperones, and 5 proteins (17%) in cell wall associated proteins.
DISCUSSION
Identification and Characterization of Differentially Expressed Proteins Involved in Al-Tolerance Mechanism in Col-0 and Ler Roots
The analysis of stress-responsiveness in plants is an important route to the discovery of genes to enhance stress tolerance. Our study is the first to examine the Arabidopsis proteome during Al-stress, to discover which proteins are differentially responsive to this stress in roots of Al-tolerant (Col-0) and Al-sensitive (Ler) ecotypes. Exposure to rhizotoxic cations such as Al 3' adversely affects normal plant growth and development at least in part by affecting gene expression patterns relative to a variety of cellular functions (Kochian 1995; Yamamoto et al. 2002; Sivaguru et al. 2003a; Kochian et al. 2004; Sun et al. 2007 ). In our study, 29 differentially expressed proteins were excised repeatedly from Al-treated Col-0 and Ler roots and analyzed by MALDI-TOF-MS, to identify proteins of potential relation to Al detoxification, Al exclusion, or that otherwise can confer Al tolerance (Table 1 and 2). These data allow us to build upon the existing knowledge base from physiological, genetic, and transcriptomic studies to Arabidopsis Al-tolerance, to better describe this phenomenon from a systems biology perspective. This may also identify new targets for biotechnological enhancement of Al tolerance in plants.
All of the Al-stress responsive differentially expressed proteins with known functions could be assigned to one of the following five functional categories: (1) TCA cycle and glycolysis, (2) stress and defense mechanism, (3) signal transduction and hormone response pathway, (4) chaperones, and (5) cell wall associated proteins.
TCA Cycle and Glycolysis Related Proteins in Al-treated Arabidopsis Roots
The TCA cycle provides OAs that play an important role as ligands for cation transportation and as chelates to toxic cations in plants (Lopez-Millan et al. 2000) . Root accumulation and secretion of OAs increase particularly in Al-tolerant plants in response to Alstress (Li et al. 2000; De Carvalho Gonc¸alves et al. 2005; Watanabe et al. 2006) , which in most cases is preceded by an increase in gene expression and activities of enzymes involved in their biosynthesis. However, the particular TCA cycle enzyme(s) activated by Al and the OAs modulated are species specific (De Carvalho Gonc¸alves et al. 2005) . Here, we provide the evidence at protein expression level to show Al simultaneously induces oxoglutarate dehydrogenase (lipoamide) E1 chain (spot C1-1), E3 component of all alpha-keto acid multienzyme complexes (spot C1-3), and aconitase 2 (ACO2; spot C2-2) in Col-0 roots after 24 and 48 h of treatment (Table 1; Fig. 3 ). None of these enzymes were responsive to Al-stress in the Al-sensitive Ler, underscoring the specificity of the response to Al-tolerance mechanism. This difference is consistent with Col-0 having larger OA efflux than Ler in response to Alstress (Hoekenga et al. 2003 (Hoekenga et al. , 2006 . Nonetheless, the specific TCA cycle enzymes that modulate OA metabolism in Arabidopsis in response to Al-stress have not been identified.
The Embden-Meyerhof-Parnas pathway is one of the prominent routes for glycolysis (Selig et al. 1997) . We putatively identified fructose-bisphosphate aldolase (spot CL1-2), as an Al-responsive protein in Col-0 root at 24 h of treatment (Table 2 ; Fig. 3 ). This enzyme catalyzes the conversion of fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate. Increasing the concentration of this glycolytic enzyme would presumably increase flux towards the TCA cycle by enhancing pyruvate and acetyl CoA production. This gene has previously been reported as Al-inducible, such that the proteomic and transcriptomic profiling results are consistent with one another (Sawaki et al. 2009; Mattiello et al. 2010) . Additionally, ADH (tentatively identified here from spots CL1-4 and CL1-5) is important to maintain the primary energy metabolism of the host cell under conditions of chilling, osmotic, and low oxygen stresses (Conley et al. 1999) . The repeated detection of ADH among the Al-responsive proteome suggests that protecting the ability to generate OA ligands is a key component for effective Al-tolerance responses only in Col-0.
Proteins Involved in Stress and Defense
Mechanism in Col-0 and Ler Roots under Al-stress Al-stress induces production of reactive oxygen species (ROS) in cells beyond the levels generated by normal cell metabolism; generation of ROS is one of the most rapid components of Al-toxicity and stress (Yamamoto et al. 2002; Zhou et al. 2009; Karuppanapandian et al. 2011) . From proteomic analyses of Al-tolerant varieties of soybean (Zhen et al. 2007 ) and tomato (Zhou et al. 2009 ), there are strong suggestions that detoxification enzymes play important roles in internal Al-tolerance mechanism of plants. We identified a protein related to ROS quenching and other abiotic stress responses as differentially responsive to Al-treatment in Col-0 root: monodehydroascorbate reductase (MDHAR) (spots CL3-4 and CL3-5) ( Table 2; Fig. 3 ). The identification of this protein implies that it may help explain the greater degree of Al-tolerance found in ecotype Col-0 compared with Ler, as Col-0 may be more capable of quenching ROS. Ascorbate is a major antioxidant and free-radical scavenger in plants. MDHAR regenerates L-ascorborate from monodehydroascorbate and is essential for maintaining a reduced pool of ascorbate, and restoring this important antioxidant to quench ROS. Surprisingly, it was found that the abundance of MDHAR was up-regulated by Al-stress in Col-0, suggesting that plants effectively remove ROS; the fine tuning of the levels of various antioxidants is also an important consideration of stress responses (Lisenbee et al. 2005) . MDHAR gene expression has previously been reported as induced by Al-stress, such that the increase in protein abundance is not unexpected (Kumari et al. 2008) .
Differentially Expressed Proteins Involved in Signal Transduction and Hormone Response Pathways under Al-stress in the Roots of Arabidopsis Ecotypes
Al-signaling pathways have not yet been elucidated well, with the exception of the identification of few proteins as possible components of Al signal transduction pathway or targets of Al-toxicity (Jones and Kochian 1995; Sivaguru et al. 2003a, b; Zhao et al. 2011) . The GTP-binding nuclear protein Ran-2 (spot CL3-3) was identified in Al-treated Col-0 roots (Table 2 ; Fig. 3 ). GTP-binding proteins act as molecular switches, enabling the transduction of signals across membranes so as to control cell proliferation, cytoskeletal assembly and organization, and intracellular membrane trafficking . Previous studies have shown that GTP-binding proteins may participate in plant defense responses, probably by coupling with receptors to mediate the elicitor signal and yield further effectors for signal transduction to downstream reactions, such as production of plant secondary metabolites (Zhao et al. 2005) . In a recent study, a GTP-binding protein b subunit-like protein was identified in rice by Altreatment ). Arabidopsis genome contains approximately 93 small GTP-binding proteins, which act as molecular switches in a variety of important regulatory processes (Vernoud et al. 2003) . Of all of the small GTP-binding proteins, this particular Ran-2 GTPase (At5g20020) was among the proteins found to be glutathionylated in response to ROS (Dixon et al. 2005 ), a feature that it shares with several other members of the Al-responsive proteome described above, suggesting that glutathionylation may be an important post-translational modification in response to Al-stress.
In our study, we identified two hormone-related proteins, ACO (spot CL3-1) and lonely guy8 (LOG8; spot CL3-6) in Col-0 by Al-treatment (Table 2 ; Fig. 3 ). Recently, Sun et al. (2007) reported increased gene expression and enzyme activity of ACO leading to increased ethylene production in Lotus japonicus (Gifu-129) and Medicago truncatula (Gaerth.) under Al-stress, and suggested that ethylene is involved in the Alinduced inhibition of root elongation. ACO has been reported as an Al-inducible gene in both Arabidopsis (Sawaki et al. 2009 ) and maize (Mattiello et al. 2010) . Lonely guy8 is a cytokinin riboside 5'-monophosphate phosphoribohydrolase and thus responsible for generating the physiologically active form of cytokinin from inactivate conjugates (Kuroha et al. 2009 ). The connections between cytokinin and ethylene signaling are well established in Arabidopsis roots (Cary and Howell 1995) . A similar cytokinin-activating gene was reported as Al-inducible in maize (Mattiello et al. 2010) . The observation that both cytokinin and ethylene signaling pathways are induced by Al-stress in Arabidopsis and maize suggests that these are not non-specific stress responses, but rather may play a more functional role during Al-stress.
The connection between Al-stress signaling pathways and primary metabolism is not wholly clear. However, loss of function mutants in the leucine aminopeptidase2 and STOP1 loci suggest that there are tight connections (Sawaki et al. 2009; Waditee-Sirisattha et al. 2011) . Both LAP2 and STOP1 mutants have diminished levels of gamma-aminobutyric acid, which plays key roles in both the TCA cycle and for glutamate recycling. A related leucine aminopeptidase (At2g24200) was identified as an Al-responsive protein (spot CL3-7) and as a target of glutathionylation in response to oxidative stress (Dixon et al. 2005) . While it is not immediately clear to which primary metabolic process At2g24022 is contributing, it is well established that the TCA cycle is Al-responsive and a connection to glutamate or glutamate signaling is also plausible (Sivaguru et al. 2003b ).
Chaperones Related Proteins in Col-0 and Ler Roots under Al-stress
In the present study, we found three chaperone related proteins in both Arabidopsis ecotypes that were responsive to Al-stress; in Ler, these proteins were expressed at lower levels and responded more slowly. Chaperones refold proteins to their native conformations and thus play an important role in normal cellular homeostasis and under stress conditions (Wang et al. 2004) . Proteins damaged by ROS often require refolding to resume normal functionality, such that it is plausible that chaperones would play an important role in protecting or restoring normal cellular activity.
Cell Wall Associated Proteins Responsive to Altreatment
Most of the Al absorbed by a root during Al-stress is associated with the cell wall (Eticha et al. 2005) . It is not surprising that several of the Al-responsive proteins detected by this study are associated with the cell wall. A proline-rich extensin-like protein (spot CL3-8) was found to be Al-responsive in Col-0 roots. This extensin-like protein has not previously been described by mutant analysis, but in general extensins are integral proteins for plant cell walls and serve a structural role. It has been observed in maize that Al-tolerant varieties have less methylated pectins in the cell wall, and thus more negative charge with which Al 3' can be associated (Eticha et al. 2005) . The association of a GDP-L-fucose synthase (spot CL3-2) as an Al-responsive protein in Col-0 may reinforce the importance of changes to cell wall composition as a potential Al-tolerance mechanism. Fucose is found in xyloglucans and rhamnogalacturonans, two types of hemicellulose found in the cell wall, but can also be found in glycosylated proteins, including arabinogalactan proteins found in the cell wall (Reiter 2002) . This GDP-L-fucose synthase has not been defined by mutant analysis, but as one of a handful of Al-responsive proteins identified in Col-0, future experiments to identify the connection to Al tolerance are straightforward.
In our study, we were able to resolve approximately 600 distinct protein spots after CBB staining in each gel from Col-0 and Ler roots. This number seems low, when compared with the number of transcripts identified using a genomic approach in the same system ( 1000 transcripts) (Kumari et al. 2008 ). However, proteomic profiling has minimum thresholds for protein concentrations to be resolved using CBB staining; amplification of samples analogous to PCR in gene expression profiling is not possible. We did not identify many or any known Al tolerance genes in this study. However, integral membrane proteins like AtALMT1 are very difficult to isolate and resolve using 2-DE, and are resolved better using chromatography-based methods (Hoekenga et al. 2006) . Transcription factors such as STOP1 are often present in very low concentrations in tissues, such that 2-DE and CBB staining may not have the dynamic range or sensitivity to resolve these proteins (Iuchi et al. 2007 ).
CONCLUSIONS
In conclusion, 29 differentially expressed proteins were identified from 30 mM Al-treated Arabidopsis ecotypes roots after 24, 48, or 72 h of treatment under acidic pH (4.2) conditions. We identified four proteins, alcohol dehydrogenase, monodehydroascorbate reductase, GTPbinding nuclear protein Ran-2, and leucine aminopeptidase, which might contribute to Arabidopsis adaptation mechanisms to Al-toxicity. Preservation of OA synthesis capacity is consistent with the well-established OAbased Al-tolerance mechanism that defines the effective Al-stress response seen in Col-0 (Hoekenga et al. 2003 ).
In the present study, we observed a concurrent upregulation of several proteins involved in TCA cycle and glycolysis, stress and defense mechanism, and other putative signaling molecules, may play roles in signal transduction pathway and hormone linking changes in external Al mineral status to alternations in gene expression facilitating mineral homeostasis in Altolerant Arabidopsis ecotype Col-0 than the Al-sensitive Arabidopsis ecotype Ler. Increasing the abundance of several of these enzymes up-regulation might be a more robust genetic engineering strategy for developing Altolerant plants than the engineering one enzyme at a time. Although the proteins identified in the present study are only a very little part of the Arabidopsis root proteome responsive to Al-stress, investigating each protein using mutant and transgenic plants could contribute to an enhanced understanding of the Altolerance response of plants.
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